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The neural network model of Patel et al. [Patel, S. S., Jiang, B. C., & Ogmen, H. (2001). Vergence dynamics predict ﬁxation disparity.
Neural Computation, 13(7), 1495–1525] predicts that ﬁxation disparity, the vergence error for a stationary fusion stimulus, is the result of
asymmetrical dynamic properties of disparity vergence mechanisms: faster (slower) convergent than divergent responses give rise to an
eso (exo) ﬁxation disparity, i.e., over-convergence (under-convergence) in stationary ﬁxation. This hypothesis was tested in the present
study with an inter-individual approach: in 16 subjects we estimated the vergence step response to a 1 deg disparity stimulus with a sub-
jective nonius procedure. Dichoptic nonius lines were ﬂashed for 100 ms with various amounts of delay after the disparity step stimulus
(0, 100, 200, 300, 400, and 1000 ms). Measured ﬁxation disparity was signiﬁcantly correlated with the prediction of Patel et al. (2001)
based on the asymmetry in convergent and divergent vergence velocity (r = .7, n = 14), which explained about 50% (r2) of the inter-indi-
vidual variability in ﬁxation disparity. All subjects with an exo ﬁxation disparity (i.e., static under-convergence) had a weaker dynamic
response for convergent than for divergent step stimuli. This conﬁrms a relation between static vergence and asymmetric dynamic ver-
gence, which both are idiosyncratic vergence parameters.
 2007 Elsevier Ltd. All rights reserved.
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If a central (or parafoveal) fusion stimulus is presented
stationary to the two eyes, the visual axes of the left and
right eye may not intersect in the plane of the ﬁxation tar-
get, but in front of or behind. These conditions of over-
and under-convergence (referred to as eso and exo ﬁxation
disparity, respectively) mean that the ﬁxation point is not
projected on corresponding retinal positions in the two
eyes. Fixation disparity varies reliably among subjects with
normal binocular vision, typically amounts to a few min-
utes of arc, and is thus smaller than the Panum’s area, so
that double vision does not occur (Howard, 2002). Ogle,
Martens, and Dyer (1967) measured the ﬁxation disparity0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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E-mail address: jaschinski@ifado.de (W. Jaschinski).at a ﬁxed viewing distance (i.e., at a certain baseline ver-
gence stimulus), relative to which a change in absolute dis-
parity was applied in the convergent or divergent direction
(by means of prisms), while the accommodative stimulus
was kept constant. In these conditions of forced vergence,
larger amounts of ﬁxation disparity indicate a less adaptive
vergence system, which is prone to near vision symptoms in
visual tasks (Sheedy & Saladin, 1983). Further studies
showed that subjects with a large exo ﬁxation disparity in
near vision tend to report asthenopic complaints in near
vision tasks (Evans, 2002; Jaschinski, 2002; Jenkins, Pick-
well, & Yekta, 1989; Karania & Evans, 2006; Mallett,
1974). These ﬁndings lead to the interpretation that ﬁxa-
tion disparity may be a condition of stress on the vergence
system.
However, the physiological explanation of ﬁxation dis-
parity is still discussed and depends on the model that is
assumed to describe vergence behaviour. Various models
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gence response to diﬀerent temporal proﬁles of disparity
stimuli, as described in some reviews (Collewijn & Erke-
lens, 1990; Eadie & Carlin, 1995; Howard, 2002). Among
these models, the following include predictions for the case
of a stationary fusion stimulus, i.e., ﬁxation disparity.
Rashbass and Westheimer (1961) found that a disparity
step stimulus induced a ramp-like open-loop vergence
response. Accordingly, feedback control models including
integrator elements have been suggested (Krishnan &
Stark, 1977; Toates, 1974). In such models, ﬁxation dispar-
ity is the error signal, i.e., the diﬀerence between vergence
stimulus VS and vergence response VR. Thus, ﬁxation dis-
parity (FD) is a purposeful vergence error that drives ver-
gence. In the most simple formulation of such models and
if only disparity stimuli are involved, the ﬁxation disparity
increases proportional to the vergence stimulus with a fac-
tor G that describes the gain of the neural integrators
incorporated in these models (Hung, 1992), i.e.,
FD ¼ VS VR ¼ VS=ð1þ GÞ: ð1Þ
The gain factor G represents vergence velocity in response
to a step stimulus. Many elaborated versions of feedback
control theory based models have been investigated. The
adaptive properties of the vergence system were simulated
with two parallel integrators: the output of a fast integrator
provides the input for a slow integrator (Krishnan & Stark,
1983; Schor, 1979, 1980). Accommodative eﬀects have been
included by Hung and Semmlow (1980) and Schor and
Kotulak (1986). Non-linear control mechanisms were used
by Hung, Semmlow, and Ciuﬀreda (1986) and Pobuda and
Erkelens (1993); the latter model assumes parallel disparity
channels, tuned to diﬀerent amount of disparity stimuli.
Further, dual models have been proposed in which a fast
initial pre-programmed component is followed by a
slower response under feedback control (Horng, Semmlow,
Hung, & Ciuﬀreda, 1998; Hung et al., 1986; Semmlow,
Hung, & Ciuﬀreda, 1986).
Models of vergence must take into account the fact that
convergent and divergent responses may diﬀer in several
characteristics as shown by the following studies. The large
sample (n = 30) of Jones (1977) and also the smaller sample
(n = 6) of Patel, Jiang, and Ogmen (2001) included several
subjects (with normal binocular vision) that showed a virtu-
ally missing disparity vergence response in either the conver-
gent or divergent direction and a normal response in the
other direction. The ﬁve subjects of Hung, Zhu, and Ciuﬀre-
da (1997) had all a normal response in both directions of ver-
gence, however the slope of the main sequence was twice as
high for convergence than for divergence and all temporal
parameters were faster for convergence. Further, sustained
convergence for 30 s or more reduced the peak velocity of
open-loop divergence, while the velocity of convergence
was unaﬀected (Patel, Jiang, White, & Ogmen, 1999).
How is this convergence–divergence asymmetry taken
into account in diﬀerent vergence models? All versions of
control theory based models incorporate just one directionof the disparity vergence stimulus, i.e., either convergent or
divergent (relative to baseline vergence). In order to provide
predictions for each direction, the model must be applied
separately with vergence gain factors that may be diﬀerent
for the two directions (Krishnan & Stark, 1983; Schor,
1980). In contrast, the asymmetry in vergence direction is
directly incorporated in the neural network model of Patel,
Ogmen, White, and Jiang (1997) since it includes two oppo-
nent pathways for convergence and divergence. This model
is based on anatomical and neurophysiological properties
of the vergence system and was able to provide good predic-
tions for a variety of dynamic stimulus conditions.
The model of Patel et al. (1997) further diﬀers from con-
trol theory based models in that a given target disparity acti-
vates more than one disparity detector; due to the broad
tuning of disparity detectors, a spatially distributed disparity
code will be exited. For the case of ﬁxation disparity, a sta-
tionary fusion stimulus will activate also detectors corre-
sponding to small convergent and divergent disparity. If
themotor activity in these two directions balance each other,
the ﬁxation disparity is zero, but any asymmetry between the
convergent and divergent activity will result in a ﬁxation dis-
parity. The activity of the opponent pathways is character-
ized by corresponding gain factors. Consequently, ﬁxation
disparity is predicted from the asymmetry in convergence
and divergence sensory motor gains (Gcon,
Gdiv), i.e., ﬁxation disparity is proportional to the function
FD  ðpGcon pGdivÞ=ðpGcon þpGdivÞ; ð2Þ
i.e., an eso (exo) ﬁxation disparity results if the convergent
gain is larger (smaller) than the divergent gain (Patel et al.,
2001).
Patel et al. (2001) conﬁrmed this model prediction with
the following experimental paradigm. In ﬁve subjects they
changed the vergence demand (from 0 to 9 deg) in the con-
vergent direction and found that the resulting increase in
ﬁxation disparity (in the exo direction) could be explained
by the extent to which the convergent–divergent asymme-
try in vergence gain varied with vergence demand. Ver-
gence gain was described by the vergence velocity in
response to 2 deg disparity step stimuli. This is an intra-
individual approach (made for a few subjects) as it is usu-
ally done in studies to test the validity of vergence models.
This procedure, however, does not answer the question
whether the large inter-individual variability in ﬁxation dis-
parity could be explained by individual diﬀerences in the
asymmetry in vergence dynamics. Evidence for this inter-
individual relation was provided by Fredenburg and Harw-
erth (2001). Among their six subjects, two subjects with a
large convergent, but missing divergent dynamic response
had an eso ﬁxation disparity, while two other subjects with
a large divergent, but missing convergent dynamic response
had an exo ﬁxation disparity; one subject with symmetric
dynamic response had no ﬁxation disparity. Thus, most
subjects of Fredenburg and Harwerth (2001) support a
relation between ﬁxation disparity and the asymmetry in
vergence dynamic. However, they did not use a measure
Fig. 1. The fusion stimulus (a central ﬁxation cross and a peripheral
frame) was presented to both eyes, either at baseline vergence stimulus
level (corresponding to the 60 cm viewing distance) or at additional
disparity of 60 min arc (convergent or divergent). The nonius lines were
presented dichoptically by means of shutter glasses: the upper (lower) line
was visible only for the right (left) eye. Nonius lines were ﬂashed for
100 ms duration with a time scheme shown in Fig. 2. Scale: each nonius
line was 45 min arc long.
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suggested by the neural network model of Patel et al.
(2001), rather their measure of asymmetry was based on
the extent to which the response increased with the dispar-
ity stimulus (0–30 min arc).
Following the previous work of Patel et al. (2001) and
Fredenburg and Harwerth (2001), the present study tests
a possible correlation between the ﬁxation disparity for a
stationary fusion stimulus at a 60-cm viewing distance
and the convergent–divergent asymmetry of vergence
dynamics for a disparity step stimulus of 1 deg (60 min
arc). In order to estimate vergence velocity with a subjec-
tive nonius technique, nonius lines were ﬂashed at a certain
delay after the disparity step stimulus (Fredenburg &
Harwerth, 2001; Mallot, Roll, & Arndt, 1996; Popple,
Smallman, & Findlay, 1998). Results of this subjective test
procedure are well correlated with objective recordings
(Jainta, Hoormann, & Jaschinski, 2007). Sixteen subjects
were tested to cover the range of individual diﬀerences
and to determine the amount of inter-individual variance
in ﬁxation disparity that can be explained by individual dif-
ferences in the asymmetry of vergence dynamics.
2. Method
2.1. Design of the study and subjects
Each subject had two sessions on separate days, in order to evaluate
the test–retest reliability. A session comprised a test of ﬁxation disparity
and six runs for measuring the disparity vergence step responses, one with
each amount of nonius delay (0, 100, 200, 300, 400, and 1000 ms); the
order of these six runs was counterbalanced across subjects.
The subjects were aged 20–44 (mean 25) years. The visual acuity (in
decimal units) was 1.0 or better at the test viewing distance. All had bin-
ocular vision and stereopsis. Eleven of the 16 participants wore refractive
corrections during testing.
The complete sample of 16 subjects comprised two sub-samples. Eight
subjects were tested in the Department of Optometry and Vision Science,
University of Latvia (Riga, Latvia); they represent a random sample with
respect to ﬁxation disparity (see circles in Fig. 5 and label ‘‘R’’ in Fig. 3).
Eight further subjects were tested in the Institut fu¨r Arbeitsphysiologie in
Dortmund (Germany); these subjects were chosen from a larger pool of
subjects to have a larger amount of ﬁxation disparity in the eso or exo
direction (see triangles in Fig. 5 and label ‘‘D’’ in Fig. 3). This choice of
subjects in the Dortmund sub-sample was made since many subjects with
a ﬁxation disparity close to zero (as in a random sample) do not allow a
critical testing of the hypothesis whether the direction of ﬁxation disparity
is related to the asymmetry in vergence dynamics. Although most subjects
in the Dortmund sub-sample had larger ﬁxation disparities, they had nor-
mal binocular vision: the disparity threshold (mean ± SD) in the TNO-ste-
reo test was 36 ± 16 (range 15–60) s arc in the crossed direction and
40 ± 18 (range 15–60) s arc in the uncrossed direction; dark vergence
was 0.96 ± 0.66 (range 0.5–2.4) meter angle (Jaschinski, 2001; Jaschinski,
Jainta, Hoormann, & Walper, 2007).
The experiments were undertaken with the understanding and written
consent of each subject. The procedures of the present study were
approved by the Ethics Review Board of the Institut fu¨r Arbeitsphysiolgie.
2.2. Apparatus and stimuli
Stimuli were presented on a CRT screen at a 60-cm viewing distance
which induced an accommodative stimulus of 1.67 D. The fusion target
(Fig. 1) contained a frame (300 min arc width · 230 min arc height;12 min arc stroke width) with a central ﬁxation cross (30 · 30 min arc;
stroke width 6 min arc). This target was presented stationary for measur-
ing ﬁxation disparity. For testing vergence dynamics, the same target was
presented as a disparity step stimulus of 1 deg = 60 min arc, convergent or
divergent relative to the baseline vergence of about 6 deg (corresponding
to the 60 cm viewing distance). The disparity was introduced by relative
lateral displacement of the images for the left and right eye. Dichoptic sep-
aration was made with LC shutter glasses (Elsa Revelator) with a 60 Hz
refresh rate of the video frames for each eye. For measuring vergence,
monocular nonius lines for the right and left eye were presented above
and below the ﬁxation cross, respectively. The nonius lines were 45 min arc
long (8 min arc stroke width) and had a vertical separation of 50 min arc.
These stimuli were black on a white background with a luminance of
about 8 cd/m2, measured through the activated shutter glasses.
2.3. Subjective measurement of ﬁxation disparity
For measuring ﬁxation disparity, we determined the nonius oﬀset d
required for subjective alignment which allows to calculate the ﬁxation dis-
parity FD from
FD ¼ 2  arctanððd=2þ PD=2Þ=sÞ  2  arctanððPD=2Þ=sÞ; ð3Þ
with the individual interpupillary distance PD and the viewing distance s
(0.6 m). Thus, a ﬁxation disparity of zero means a precise vergence to the
baseline stimulus. To ﬁnd the nonius oﬀset d of subjective coincidence, the
adaptive psychometric procedure Best–PEST (Lieberman & Pentland,
1982) was used: the nonius lines were ﬂashed 20 times for 100 ms with
3 s interval with varying amounts of nonius oﬀset while the subjects re-
sponded whether the upper nonius line was perceived left or right relative
to the lower line. The 20 trials for measuring ﬁxation disparity were ran-
domly interleaved by 20 trials of the nonius lines when the dichoptic sep-
aration of the nonius lines was not active, i.e., both eyes perceived the
upper and lower nonius line. This is not a measure of vergence, but a mea-
sure of the alignment error, also referred to as nonius bias (Jaschinski,
Bro¨de, & Griefahn, 1999), which is close to zero and was used as a control
condition to see whether the subject operates the test as intended. The run
with all 40 trials took about 2 min.
In the Best–PEST procedure, the physical nonius oﬀset presented in
each trial is an estimation of subjective alignment based on all previous tri-
als. We ignored the ﬁrst 5 trials (during which the adaptation procedure
approaches the individual result) and took the mean of the remaining 15
trials as average vergence state of a run.
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The vergence state reached at certain moments in time during the
response to a disparity stimulus was also estimated with dichoptic nonius
lines: the nonius lines were ﬂashed at a deﬁned delay after the onset of the
disparity step stimulus. The nonius method requires a series of trials (20 in
our case) to run the adaptive test procedure and to ﬁnd the physical nonius
oﬀset d at perceived alignment for a certain nonius delay from which we
calculated the vergence response relative to precise vergence to the baseline
stimulus Eq. (3). In order to sample the time course of the step response
with the nonius technique, the vergence response was estimated with non-
ius delays of 0, 100, 200, 300, 400 or 1000 ms relative to the onset of the
step stimulus (see Fig. 2A). Separate runs were made with each amount
of nonius delay.
One run comprised 20 convergent and 20 divergent step stimuli (ran-
domly interleaved); after each of these step stimuli, the baseline stimulus
was presented again as a starting position for the next stimulus
(Fig. 2B). A sequence of a disparity step stimulus and the following return
to baseline included the following events: a step disparity stimulus wasFig. 2. Illustration of the subjective method for measuring the disparity
vergence step response. (A) Time scheme of a single response to a
convergent disparity step stimulus of 1 deg = 60 min arc (relative to a
baseline vergence of 6 deg), including the moments in time when the
nonius lines were presented relative to a convergent movement. The
sigmoidal curve illustrates the vergence eye movement. The nonius lines
were switched on for 100 ms with a ﬁxed delay relative to the step stimulus
onset; this delay was either 0, 100, 200, 300, 400, or 1000 ms in separate
runs. In the same way, divergent step responses were induced. At t = 2 s,
the disparity stimulus was switched oﬀ and the fusion stimulus appeared at
baseline vergence. (B) Illustration of two sequences (one convergent and
one divergent disparity step stimulus, each with subsequent return to
baseline stimulus level). The ticks on the horizontal time axis indicate the
moments in time when nonius lines were presented. In order to ﬁnd the
physical nonius oﬀset of perceived alignment for a certain nonius delay, 20
convergent and 20 divergent sequences like the two in (B) were randomly
interleaved. Each sequence also included a presentation of nonius lines
with a delay of 1000 ms after the oﬀset of the disparity stimulus, in order
to measure the baseline vergence state.presented, the nonius lines appeared for 100 ms with a certain delay after
the disparity stimulus onset, the subject gives the ﬁrst response, 2 s after
the onset of the disparity stimulus the disparity stimulus returns to base-
line vergence and 1 s later the nonius lines were presented again and the
subject gives the second response. This latter nonius presentation was
included: (1) to measure whether the previous response in the convergent
or divergent direction had declined before the next step stimulus was pre-
sented and (2) to calculate the eﬀective amount of step stimulus that
depends on the vergence state assumed before a step (see Eq. (4)). The
resulting vergence state tested 1000 ms after the oﬀset of the disparity stim-
ulus is referred to as baseline vergence. Each run comprised two such base-
line vergence measures: one after convergent and one after divergent step
responses. One run with 40 sequences took about 4 min for each amount
of nonius delay. The ﬁxation period before a disparity step varied ran-
domly in the range of 2.1–3.0 s, so that participants were uncertain about
the direction and the moment of onset of the stimulus (Alvarez, Bhavsar,
Semmlow, Bergen, & Pedrono, 2005).
It should be mentioned that the dichoptic nonius lines were used as test
stimuli for measuring the vergence state in moment in time when they are
ﬂashed. They are not eﬀective as stimulus for vergence since they cannot
be fused and are presented for 100 ms which is shorter than the latency
of vergence. Further, the moment in time when the subject gives the
response (left or right) has no eﬀect on the result since the response always
refers to a perception of the nonius oﬀset that corresponds to the moment
when the nonius lines have been presented.
3. Results
3.1. Reliability of vergence measures
The two measurements in separate sessions resulted in a
test–retest correlation of r = .90 for ﬁxation disparity. The
test–retest correlation (median across all conditions tested)
was 0.88 (range 0.74–0.99) for the step responses and 0.86
(range 0.78–0.92) for the baseline vergence. As a further
indicator of the reliability, we used the standard deviation
of the diﬀerence between repeated measurements (Bland &
Altman, 1999). This standard deviation was 2.1 min arc for
ﬁxation disparity. For the vergence state during the step
responses and baseline vergence, the corresponding stan-
dard deviations are given in Table 1. These standard devi-
ations within subjects were much smaller compared to the
variability between subjects, which can be seen from Figs.
3–5. These measures of reliability conﬁrm our psychophys-
ical procedure which provides stable measures of individual
vergence performance, shown by similar responses in
repeated tests (Fig. 3); residual intra-individual variability
was reduced by averaging the results of two sessions made
on separate days.Table 1
Standard deviations (min arc) of the diﬀerence between the two repeated
measurements for the step responses and baseline vergence (at each amount
of the nonius delay)
Nonius delay (ms) Step response Baseline vergence
Convergent Divergent Convergent Divergent
0 13.3 10.2 5.01 4.3
100 7.9 7.1 3.2 5.4
200 12.0 8.1 5.3 5.7
300 15.3 4.2 4.0 6.5
400 7.9 6.9 6.7 7.7
1000 7.1 5.2 3.3 4.2
Fig. 3. Examples of disparity vergence step responses in six subjects. Positive and negative response values refer to convergent and divergent states relative
to the baseline vergence (corresponding to the viewing distance of 60 cm). Responses for convergent and divergent step stimuli (open and closed symbols,
respectively) are plotted as a function of the amount of nonius delay (0, 100, 200, 300, 400, and 1000 ms) after the disparity step stimulus. The pairs of data
points (triangles and circles) refer to the ﬁrst and second session to illustrate the reliability; the lines show the mean values. The two data points beyond
1000 ms indicate the vergence state reached 1000 ms after the disparity stimulus was switched oﬀ and replaced by the baseline fusion stimulus (see Fig. 2B);
these measurements of baseline vergence states are shown separately for convergent and divergent trials (open and closed squares), but averaged across the
six amounts of nonius oﬀset and across test and retest. The mean of these two baseline vergence states estimate the initial vergence state, assumed before
onset of the following disparity stimulus within the series of responses. The labels of the subjects ‘‘R’’ and ‘‘D’’ mean that they belong to the sub-sample
tested in Riga or Dortmund, respectively. The insets give the ﬁxation disparity of these subjects. The plotted disparity vergence response curve is the result
of 12 experimental runs (2 days · 6 amounts of nonius delay), while each run represents the mean of 20 step responses during the adaptive test procedure.
Thus, any variability in latency, vergence velocity, or response amplitude is eliminated and the average individual response curve remains.
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Fig. 3 illustrates individual vergence step responses for
convergent and divergent stimuli. These six subjects werechosen as examples to cover the range of typical response
patterns that were found in the complete sample of 16 sub-
jects. The two subjects in Fig. 3A show an ordinary
response: after same latency, a steep phase of the response
Fig. 4. Relation between ﬁxation disparity and baseline vergence mea-
sured after convergent and divergent trials (open and closed symbols,
respectively). Positive values refer to over-convergence (eso), while
negative values refer to under-convergence (exo) relative to convergence
to the baseline stimulus. Baseline vergence states were signiﬁcantly more
positive (eso) after convergent than after divergent trials. Each baseline
measure was signiﬁcantly correlated with ﬁxation disparity (r = .92 and
r = .83). The mean of both baseline vergence (BV) measures is related to
ﬁxation disparity (FD) following the regression equation
BV = 0.58 + 1.78 FD (broken line); the y-intercept is not signiﬁcantly
diﬀerent from zero (95% conﬁdence interval CI = ±2.23), while the slope
is signiﬁcantly steeper than 1.0 (CI = ±0.55).
Fig. 5. Correlation between measured ﬁxation disparity and the predictor
of ﬁxation disparity following the neural network model of Patel et al.
(2001), i.e., FDpre, Eq. (4). The correlation was r = .71 (p < .005, one-
tailed) for the sample of the 14 subjects, where the estimation of vergence
velocity was appropriate (Fig. 3A and B). If the remaining two subjects
(open symbols; see Fig. 3C) with a questionable subjective vergence
velocity were included, the correlation was r = .70 (p < .005, one-tailed,
n = 16). Circles and triangles indicate subjects of the Riga and Dortmund
sub-sample, respectively.
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Later, the response saturates and a ﬁnal level was reached
near the stimulus amplitude of 60 min arc. Response pat-
terns similar to those in Fig. 3A were observed in ﬁve sub-
jects (2 from the Riga sub-sample and 3 from the
Dortmund sub-sample). In other subjects, the responses
were similar as those shown in Fig. 3B: an ordinary
response was found in one direction (either convergent or
divergent), while in the other direction the response was
weak. We found eight subjects who showed virtually no
convergent response, but an ordinary divergent response
(as subject D8; 4 in Riga and Dortmund, respectively).
One subject (R2 from Riga) showed virtually no divergent
response, but an ordinary convergent response.
Response patterns as shown in Fig. 3A and B were
found in 14 of the 16 subjects. In these cases, it seems rea-
sonable to estimate a vergence velocity from the subjective
responses in the range of nonius delays from 100 to 400 ms:
for each of the three 100 ms-intervals (100 vs. 200 ms, 200
vs. 300 ms, and 300 vs. 400 ms) we calculated a correspond-
ing change in vergence and chose the maximal value as an
subjective estimation of maximal vergence velocity. This
subjective measure was highly correlated with objective
recordings of vergence velocity in Jainta et al. (2007).
The two remaining subjects in Fig. 3C showed response
patterns that diﬀered considerably from those described
before. Consider, e.g., subjects R6, who’s response may
seem implausible on the ﬁrst view; however, it was reliable
since it was observed in a similar way in both sessions and
can be interpreted as follows. For a convergent stimulus,
the response was about 52 min arc already at the 0 ms non-
ius delay and did not change much later. We have to con-
sider that a nonius delay of 0 ms means that the nonius
onset was at the same moment in time as the disparity step
stimulus onset; however, the moment in time when the ver-
gence response was measured subjectively by the percep-
tion of nonius lines may be some unknown period later
due to a delay in perception. Thus, we cannot assume that
subject R6 had a 52 min arc response at the moment of dis-
parity stimulus onset: however, he seems to have a much
faster initial convergent response than all other subjects.
When this subject was presented with a divergent stimulus,
the initial response (with nonius delays of 0, 100, and
200 ms) was in the convergent direction; only the ﬁnal ver-
gence state arrived at a partial divergent response of
20 min arc. Such paradoxical responses in the direction
opposite to the stimulus direction have also been reported
in individual cases by Jones (1977). It seems that the
responsiveness into the convergent direction was so strong,
that even with divergent stimuli a convergent response was
initiated in the moment of the disruption of the fusion stim-
ulus (at t = 0); only later, the response changed into the
appropriate divergent direction. This particular response
pattern of this subjects R6 could possibly be explained by
his accommodative behaviour: this subject wore a full cor-
rection of hypermetropia only during testing, but not in
everyday vision; thus, the subject might have exerted a
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which could have induced a stronger convergence step
response. A similar response pattern as in subject R6 was
observed in subject D12, although the bias towards the
convergent direction was less strong. Obviously, in the
two cases in Fig. 3C the estimation of vergence velocity
based on nonius delays of 100, 200, 300, and 400 ms is
not appropriate since a considerable change in vergence
occurred already in the very initial phase that cannot be
sampled by the present subjective test procedure. Therefore
these two subjects (one of the Riga and one of the Dort-
mund sub-sample) were not included in the further analy-
ses with respect to vergence velocity in Section 3.4.
Without these two subjects, means ± SD (n = 14) of our
subjective measure of vergence velocity was 1.9 ± 1.3
(range 0.1–4.3) deg/s in the convergent direction and
3.3 ± 1.3 (range 0.5–5.2) deg/s in the divergent direction.
3.3. Baseline vergence
Since 40 vergence step responses (and corresponding
backward steps) were performed within a run, the question
arises to what extent the eyes had returned to the baseline
vergence state when the next stimulus was presented. One
might expect that the eyes tend towards the individual ﬁx-
ation disparity (the vergence state with a stationary fusion
stimulus) after the disparity stimulus was switched oﬀ and
the baseline fusion stimulus was presented again. There-
fore, Fig. 4 shows the baseline vergence (separately for con-
vergent and divergent response) in relation to ﬁxation
disparity; for this purpose, we averaged the baseline ver-
gence measures of the 6 runs with diﬀerent amounts of
nonius delay. As expected, the baseline vergence of both
the convergent and the divergent responses were correlated
with ﬁxation disparity (r = .92 and r = .83, respectively,
p < .0001, n = 16). However, the inter-individual range
was larger for the baseline vergence than for ﬁxation dis-
parity. This suggests that even after convergent (divergent)
responses subjects with a large exo (eso) ﬁxation disparity
reached an exo (eso) baseline vergence that was larger than
the amount of ﬁxation disparity.
Further, it appears that the baseline vergence tends to be
more eso after convergent responses (mean ± SD = 0.8 ±
8.2 min arc) than after divergent responses (1.3 ± 9.1
min arc). This diﬀerence was signiﬁcant (t = 3.21,
p = .006, df = 15), but the mean amount of this eﬀect
(2.1 min arc) was negligible relative to the large range of
individual diﬀerences. Thus, the baseline vergence state
was only marginally aﬀected by the direction of the previ-
ous step response. These ﬁndings mean that the larger base-
line vergence range (relative to the ﬁxation disparity range)
was not the result of a lack of time for vergence to return to
the baseline. Rather, it is plausible that within 1 s (our per-
iod from disparity stimulus oﬀset to the nonius presenta-
tion for measuring baseline vergence) we measured the
initial backward step response while a longer period would
have been necessary to reduce the ﬁxation disparity to aminimum. The latter was reached in our test of ﬁxation dis-
parity with a stationary stimulus over a period of 2 min.
This view is compatible with the dual mode of vergence
control that comprises a fast open-loop initial response fol-
lowed by a slow component under feedback control
(Semmlow et al., 1986).3.4. Relation between static and dynamic vergence
For testing the hypothesis whether the measured ﬁxa-
tion disparity is correlated with the convergent–divergent
asymmetry in vergence dynamic Eq. (2), we used the fol-
lowing predictor that should be proportional to ﬁxation
disparity as suggested by Patel et al. (2001):
FDpre  ðp½V c=ð60 BVÞ  p½V d=ð60þ BVÞÞ
=ðp½V c=ð60 BVÞ þ p½V d=ð60þ BVÞÞ; ð4Þ
where vergence gain factors are represented by convergent
and divergent velocity (Vc,Vd). These are corrected by
weighting factors to account for the fact the vergence
movement did not start at the theoretical baseline vergence,
but at the individual baseline vergence (BV, averaged
across convergent and divergent trials, since these were pre-
sented randomly interleaved); thus, the actual disparity
stimulus was not 60 min arc, but (60BV) for convergent
trials and (60+BV) for divergent trials.
Fig. 5 shows that all subjects with a measured exo ﬁxa-
tion disparity had a model prediction in the same direction,
i.e., a higher velocity in the divergent direction. In the
group of subjects with an eso ﬁxation disparity, the predic-
tion was partly positive and partly negative. We found a
signiﬁcant correlation (Pearson correlation coeﬃcient
r = .71, p < .005, one-tailed, n = 14) between FDpre and
the measured ﬁxation disparity, when we omitted the two
subjects, where the estimation of subjective velocity was
less appropriate (Fig. 3C). Accordingly, similar correla-
tions appeared in both sub-samples: in Riga (7 closed cir-
cles in Fig. 5) and in Dortmund (7 closed triangles in
Fig. 5) we found Kendall rank correlations coeﬃcients
s = 0.71 and s = 0.81, respectively (p < .025, one-tailed;
n = 7; in these small samples, Pearson correlations were
even higher, but inﬂated because of outliers in the direction
of the hypothesis, as seen in Fig. 5). Eq. (4) agrees with the
model description of Patel et al. (2001). However, the most
simple measure of asymmetry, the diﬀerence between con-
vergent and divergent velocity (Vc  Vd) resulted in a cor-
relation with ﬁxation disparity that was not much worse
(r = .65, p < .01, n = 14). Since our measure of baseline
vergence was highly correlated with ﬁxation disparity (see
Fig. 4), we additionally tested whether the prediction fol-
lowing Eq. (4) holds also for the baseline vergence: we
found a correlation of 0.58 (p < .025, n = 14).
While the model of Patel et al. (2001) is based on the
convergent–divergent asymmetry in dynamic response,
control theory based models include only one direction of
vergence that might perhaps be suﬃcient to explain the
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angle, ma) the average subject converges an amount of
0.7 ma relative to the mean resting position of vergence
of about 1 ma (Jaschinski et al., 2007; Rosenﬁeld, 1997).
Thus, following control-type models, ﬁxation disparity is
expected to be correlated with convergence velocity, while
divergent velocity should be irrelevant. We found that the
amount of inter-individual variance (r2) in ﬁxation dispar-
ity explained by convergent velocity was 29.3% compared
to 21.4% explained by divergent velocity, while the predic-
tion based on the neural network model Eq. (4) reached
46.8% (for these calculations, we omitted the two subjects
in Fig. 3C and one further subject of the Dortmund sample
with a resting vergence much closer than the viewing dis-
tance of 60 cm). This means that the asymmetry was able
to explain a larger proportion of variance in ﬁxation dis-
parity than convergence velocity alone, since divergence
velocity provided a considerable contribution.
4. Discussion
The model of Patel et al. (2001) predicts that the static
vergence error (ﬁxation disparity) is a result of asymmet-
ric dynamic responsiveness of the disparity vergence
mechanism in the convergent and divergent direction.
Speciﬁcally, if divergent velocity is larger (smaller) than
convergent velocity, an exo (eso) ﬁxation disparity will
result. This hypothesis was supported in the present study
of individual diﬀerences in vergence performance. We
found a correlation of r = .71 between our measure of
ﬁxation disparity and the prediction of Patel et al.
(2001) based on the asymmetry in vergence velocity.
Thus, this model prediction was able to explain about
50% (r2) of the inter-individual variability in ﬁxation dis-
parity. Compared to the neural network model of Patel
et al. (2001) based on the asymmetry in vergence
dynamic, control theory based models (see Section 1),
consider only one direction of vergence. Our data are less
compatible with such models since the convergent veloc-
ity alone accounted for only about 30% of variance in ﬁx-
ation disparity. Thus, the prediction was improved by
taking into account both the convergent and divergent
direction. These results are an extension of similar ﬁnd-
ings in two previous studies (Fredenburg & Harwerth,
2001; Jaschinski, 2004).
Patel et al. (2001) had shown the impact of asymmetric
vergence velocity on static ﬁxation disparity with an intra-
individual paradigm: the individual ﬁxation disparity was
modiﬁed by varying the pedestal vergence demand (base-
line vergence). This intra-individual approach of testing a
model has the advantage to keep constant some individual
factors that could also aﬀect ﬁxation disparity; such factors
introduce additional variance in the present inter-individ-
ual approach. However, from a clinical point of view, the
inter-individual approach of the present study is relevant
to ﬁnd out the extent to which the large inter-individual
diﬀerences in the amount and direction of ﬁxation disparitycan be explained by the asymmetry in vergence dynamics.
This issue was not addressed by Patel et al. (2001), but is
clinically relevant since subjects with an exo ﬁxation dis-
parity tend to complain of eye strain in visual near work
(see Section 1). Further, Patel et al. (2001) increased the
vergence demand in the convergent direction (which
induced an exo ﬁxation disparity), while the opposite case
of an eso ﬁxation disparity was not investigated. The pres-
ent results show that the asymmetry in vergence dynamic is
a factor that signiﬁcantly contributes to the fact that a sub-
ject has an exo or eso ﬁxation disparity. Additional factors
that might play a role include dark vergence, dark focus,
accommodative gain, AC/A-ratio, since these four factors
together explained about 20% of the variance in ﬁxation
disparity at 60 cm viewing distance when natural accom-
modation was exerted (Jaschinski, 2001). The general aim
of such an inter-individual approach is to explore the phys-
iological mechanisms that account for the considerable
individual diﬀerences that are observed in large, non-
selected samples of subjects with normal binocular
vision.
The present results suggest the following interpretation
of the relation between diﬀerent aspects of vergence behav-
iour: ﬁxation disparity, vergence dynamic and binocular
coordination in real visual tasks as reading. In our sample
we noticed that seven of eight subjects with an exo ﬁxation
disparity had a step response pattern as subject D8 in
Fig. 3B: they reached the target divergent state of 60 min -
arc with a nonius delay of 400 ms (or even earlier), but
showed virtually no response in the convergent direction.
What could be the impact of such a poor disparity mecha-
nism in the convergent direction? It has been suggested that
the response to pure disparity stimuli (as investigated in the
present study) ‘‘might be of primary importance in control-
ling binocular ﬁxation between gaze shifts, speciﬁcally in
ﬁne-tuning binocular ﬁxation at end of gaze shifts, when
imperfections in binocular coordination have to be
minimized’’ (Collewijn, Erkelens, & Steinman, 1995).
During saccadic gaze shifts, a transient divergent state
has been found in various stimulus conditions (Collewijn,
Erkelens, & Steinman, 1988; Collewijn et al., 1995; Kapo-
ula, Hain, Zee, & Robinson, 1987; Kloke & Jaschinski,
2006), including word-to-word saccades in reading (Hend-
riks, 1996). This transient divergence state has to be
compensated by a convergent movement in the early phase
of the ﬁxation period in order to establish proper binocular
alignment when ﬁxating, e.g., a word. One might expect
that this convergent movement cannot be performed
quickly and accurately if a subject has a weak disparity ver-
gence mechanism in the convergent direction (as subject D8
in Fig. 3B). This line of arguments suggests the hypothesis
that conditions of under-convergence during ﬁxation peri-
ods in reading (Blythe et al., 2006; Juhasz, Liversedge,
White, & Rayner, 2006; Kliegl, Nuthmann, & Engbert,
2006; Liversedge, Rayner, White, Findlay, & McSorley,
2006; Liversedge, White, Findlay, & Rayner, 2006) might
predominantly occur in subjects with a weak disparity
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ingly, the asymmetry in disparity vergence dynamics might
possibly be relevant for conditions in which the binocular
coordination is not fully developed, e.g., in children as
compared to adults (Bucci & Kapoula, 2006; Yang &
Kapoula, 2003), and when the binocular coordination is
impaired, e.g., in children with vertigo or dyslexia (Bucci,
Kapoula, Bremond-Gignac, & Wiener-Vacher, 2006; Jas-
chinski, Ko¨nig, Schmidt, & Methling, 2004; Kapoula
et al., 2007; Stein, Richardson, & Fowler, 2000).
It is known that the nonius technique for measuring
vergence provides results that can deviate from objective
recordings with eye trackers, at least in particular condi-
tions of testing (Howard, 2002); thus, we have to consider
whether possible limitations of the subjective technique
may apply to the present measures of disparity vergence
step responses and ﬁxation disparity.
Nonius measures of disparity vergence step responses
could be aﬀected by the following conditions of testing:
(1) the visual direction of monocular nonius lines could
be modiﬁed by those of the adjacent fusion stimuli (Erke-
lens & van Ee, 1997), but this eﬀect of capture of visual
direction is reduced by ﬂashing the nonius lines as in
the present study (Jaschinski, Jainta, & Schu¨rer, 2006).
(2) Only a coarse sampling of the vergence movement is
possible with the chosen amounts of nonius delay of
100, 200, 300, and 400 ms for estimating vergence veloc-
ity. (3) The vergence eye movement cannot be sampled
with an arbitrarily short nonius pulse, rather the nonius
lines are presented with a duration of 100 ms in order
to be easily perceived. (4) A certain period of time is
required for retinal and central processing until the per-
cept of the nonius lines will arise. During this perceptual
delay and during the 100 ms nonius ﬂash duration, the
vergence movement is going to proceed. It is diﬃcult to
estimate the extent to which these conditions may aﬀect
the subjectively measured vergence velocity. Therefore,
in our previous study (Jainta et al., 2007) we compared
subjective estimations of vergence velocity with objective
binocular eye movement recordings and found a high cor-
relation between both measures (r = .9); thus, individual
diﬀerences can be identiﬁed with the nonius method. Fur-
ther, our subjective vergence velocity reached maximal
values of about 5 deg/s, with the 1 deg disparity step stim-
ulus in the present study. This ﬁgure resembles results of
objective recordings in previous studies taking into
account that vergence velocity increases about linearly
with the amount of the stimulus (Howard, 2002). Accord-
ingly, Patel et al. (2001) found maximal objective values
of vergence velocity up to 12 deg/s with a 2 deg disparity
step stimulus (at a 6 deg pedestal vergence demand as in
the present study). It is plausible that the nonius tech-
nique will under-estimate high vergence velocities, which
is conﬁrmed by the following data available from our pre-
vious study with 3 deg disparity step stimuli (Jainta et al.,
2007): nonius technique and objective recordings
gave similar mean values of vergence velocity (4.9 vs.5.1 deg/s, divergent direction), while two experiments with
convergent stimuli gave mean objective amounts of
velocity of 9.1 and 9.7 deg/s and corresponding subjective
estimations of only 6.7 and 5.2 deg/s (but still a high cor-
relation of 0.9). Thus, subjective estimations of vergence
velocity appear to be valid when the amount of vergence
velocity is up to about 5 deg/s (as in the present conditions of
testing).While objective binocular eyemovement recordings
with eye trackers are in principle the best method for the
research laboratory, they appear not to be applicable in the
optometric or ophthalmologic application, because of the
elaborated instrumentation, test procedures, and data
analyses that are required. The dynamic nonius technique
(although needing some time for testing) can be applied
much more easily and allows for testing dynamic vergence
also in the clinical context.
Our subjective measure of ﬁxation disparity appears to
be useful since the present results are physiologically plau-
sible in relation to vergence dynamics and in agreement
with a current model of vergence (Patel et al., 2001). Fixa-
tion disparity amounts to only some minutes of arc and
is—therefore—very diﬃcult to obtain objectively. Thus,
only few studies with very small numbers of subjects are
available in which individual subjective and objective mea-
sures are compared. However, when the results of both
methods are plotted relative to each other for the four sub-
jects in Kertesz and Lee (1987), correlations of 0.88, 0.60,
and 0.94 are found in the three conditions of forced ver-
gence applied, respectively (although diﬀerences between
these methods in the amount of ﬁxation disparity
occurred). These observations suggest a correlation
between subjective and objective measures of ﬁxation dis-
parity that allows to determine whether a subject has a
large ﬁxation disparity relative to the distribution in the
population. Jaschinski, Kloke, Jainta, and Buchholz
(2005) report further properties of nonius measures of ﬁx-
ation disparity.
To summarize, the present study used a subjective non-
ius test procedure for estimating dynamic vergence respon-
siveness for disparity stimuli. The remarkable individual
diﬀerences in the asymmetry in convergent and divergent
direction were able to explain about 50% of the inter-indi-
vidual variance in ﬁxation disparity in the present group of
subjects (which included more large eso and exo cases than
a random sample). These data are compatible with the pre-
diction of the neural network model of the disparity ver-
gence system proposed by Patel et al. (2001). In this
model, ﬁxation disparity is a consequence of (1) asymmet-
ric properties of opponent convergent and divergent path-
ways with diﬀerent gain factors and (2) an excitation of
both convergent and divergent disparity detectors for a sta-
tionary fusion stimulus.
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